destined for the plasma membrane or other compartments, e.g., lysosomes, has been shown to be an active Fu-sheng Shen,* Hao-Chia Chen, † Lewis Pannell, ‡ and selective process requiring a sorting signal (Chanat
and the genetically defective Cpe fat mouse, lacking CPE al., 1995) where sorting occurs and at the intragranular pH of between 5-6 (Loh et al., 1984b) . (Naggert et al., 1995) . POMC was missorted to the constitutive pathway in both of these systems. These studTo show that the POMC sorting signal was binding specifically to the lumenal side of the SG membranes, ies provide evidence that sorting neuroendocrine proteins to the RSP requires binding to a sorting receptor, binding to lysed intermediate lobe SG membranes (lumenal side) and intact SG's were compared. Binding to CPE, within the TGN and elucidate the molecular mechanism for the endocrine disorders observed in the mutant lysed SG membranes was well above background (28 Ϯ 1 pmol/mg protein) and was inhibited by unlabeled Cpe fat mouse. N-POMC , whereas binding to the membrane on the cytoplasmic side of freshly prepared SGs was negligiResults ble and represented only background (<1 fmol/mg protein). Binding was also minimal (<100 fmol/mg protein) The POMC Sorting Signal Binds Specifically to Golgi-enriched membranes from the nonendocrine L to a Sorting Receptor cell line compared to the Golgi-enriched membranes The proposed mechanism for sorting proteins to the from bovine intermediate pituitary (104 pmol/mg RSP is that an amphipathic loop sorting signal motif protein). Similarly, [ 125 I]N-POMC 1-26 did not bind to the ( Figure 1B) , located in the prohormone, binds specifiplasma membranes of Neuro-2a cells, although it did cally to a membrane-associated receptor in the lumen bind to SGs prepared from Neuro-2a cells. Thus, [
125 I]Nof the TGN, which causes the protein-receptor complex POMC 1-26 binding was specific to the lumenal side of to be packaged within the budding immature SG. Having the SGs. identified the sorting signal for POMC (Tam et al., 1993;  Further characterization of [ 125 I]N-POMC 1-26 binding to Cool and Loh, 1994; Cool et al., 1995) , we looked for the receptor showed that Ca 2ϩ (1 M-100 mM) had no proteins in the TGN and SG membranes that could bind effect (29 Ϯ 1 pmol/mg protein for control SG memthis sorting signal with high affinity and selectivity.
branes versus 28 Ϯ 0.3 pmol/mg protein for Ca 2ϩ
The POMC sorting signal was iodinated ([ 125 I ]-Ntreated). Treatment of the membranes with the sulfhydryl POMC1-26), and its binding to SGs was assayed over a group-specific reagents, N-ethylmaleimide and iodorange of pH's. The [ Figure 2A ). Under similar pH tively, indicating that they acted on a free cysteine conditions, the optimal pH for [
125 I]-N-POMC1-26 binding residue in the receptor. However, addition of these reto Golgi-enriched membranes was found to be 6. 0-6.5 agents at the initiation of the binding reaction in the ( Figure 2B ). Full-length POMC was found to have an presence of [ 125 I]N-POMC1-26 had no effect, indicating optimum pH range for binding to SG and Golgi-enriched they they were not acting on the ligand. membranes around pH 6.0 ( Figures 2C and 2D Figure 3A ), ( Figure 3B ). Full-length POMC and other prohormones showed a high potency for displacement of [ 125 I]Nand Scatchard analysis showed a K d of 6 M and B max of 580 pmol/mg protein (Cool et al., unpublished data) .
POMC 1-26 binding and for being displaced by N-POMC 1-26 ( Figure 3B ). The rank order of potency was N-POMC 1-26 > As a control, [
125 I]N-POMC 1-26 binding was not inhibited by the constitutively secreted protein, IgG ( Figure 3A) . proinsulin>proenkephalin>POMC> chromogranin A. Binding to Golgi-enriched membranes gave similar results.
Identification of the Sorting Receptor as CPE To identify the receptor responsible for binding the The specificity of the binding of the POMC sorting signal to the sorting receptor in bovine intermediate POMC sorting signal, chemical cross-linking studies were carried out using EDC, a cross-linking reagent that lobe SG membranes was assessed. In the relative potency curve ( Figure 3B) Neuro-2a-CPE AS clones was investigated. In Neuro-2a cells, ACTH i was released from the cells in response to K ϩ /Ca 2ϩ depolarization, yielding a 3.5-fold stimulation disappearance of the iodinated 55 kDa protein ( Figure  4A , lane 2), suggesting that this was a specific binding ( Figure 6B ). When POMC cDNA was transfected into the Neuro-2a-CPE AS cell lines, the amount of ACTHi released and cross-linking. A single band was also found in membranes from the Golgi-enriched fraction, which was senwithout stimulation for clones CPE AS -6 and CPE AS -7 was 27% and 38% of the total, respectively ( Figure 6B ). With sitive to N-POMC1-26 ( Figure 4A , lanes 3 and 4).
The binding protein was purified using an N-POMCstimulation, the amounts released were about the same, 28% and 33% of the total, respectively, compared with affinity column and analyzed on SDS-PAGE followed by Coomassie blue staining. A heavily stained protein was the wild-type Neuro-2a cells, which only released 12% of the total ACTH i basally and 42% upon stimulation. identified as being the same size as that obtained using EDC cross-linking ( Figure 4A , lane 5).
Similarly, CPE was also released in a stimulated manner from wild-type Neuro-2a cells. CPE (16%) was secreted To verify this band as the N-POMC receptor, the affinity-purified protein was incubated with [
125 I]N-POMC 1-26 basally and 26% upon stimulation with K ϩ /Ca 2ϩ , showing a 1.6-fold stimulation of secretion. The full-length, and cross-linked using EDC. This procedure yielded one protein that was cross-linked with [ (0.18 Ϯ 0.07 pmol/mg protein) compared to SG memand Smelik, 1975 The Cpe fat mouse has a mutation in the Cpe gene, yielding an enzyme that is rapidly degraded (Varlamov et al., mice after pulse labeling and various chase times is shown in Figure 7A . Cpe fat mice showed an initial lag of 1996). Unlike normal mice, Cpe fat mice had virtually no detectable CPE in the endocrine tissues, which normally 15 min, followed by linear release of [ 35 S]met-POMC/ ACTH above normal animals, over 3 hr. This fast time contain high levels of CPE (Naggert et al., 1995 (Grimes and Kelly, 1992 and normal mice were pulse-labeled and chased for various times. The tissue homogenate and chase medium were immunoprecipitated with ACTH antiserum, and the immunoprecipitates were counted. CPM in the medium was expressed as a % of the total (total CPM ϭ CPM in medium ϩ CPM in tissue). The curve for normal mice is denoted by open squares and Cpe fat mice by (*). (B) The effect of dopamine on POMC secretion. Pulse-labeled inter- Figure 6 . Depletion of CPE Causes Constitutive Secretion of POMC mediate lobes were chased for 2 hr with or without dopamine (DA), from Neuro-2a Cells and the tissue and medium were immunoprecipitated with ACTH antiserum. The CPM in the medium was first normalized to % CPM (A) Generation of Neuro-2a cells stably expressing antisense RNA in medium divided by the total CPM (tissue ϩ medium). Samples for CPE. Western blot analysis of Neuro-2a cells or CPE AS -6 and without treatment with dopamine were used as controls and made CPE AS -7 clones shows the relative amount of CPE in the cells. M, equal to 100%, and the medium with dopamine was expressed as membrane-associated CPE; S, soluble form. The membrane-associa % of the control. Bar graphs show the mean Ϯ SEM in the medium ated form represents >90% of the total CPE found in the SGs. The with DA as a % of control. For normal control, n ϭ 3; n ϭ 2 for corresponding reduction in CPE is shown in the bar chart above normal ϩ DA (asterisk, p < 0.01); n ϭ 2 for Cpe fat control; n ϭ 3 for each lane. tissue. Representative gels of medium and tissue derived from the containing the cDNA for POMC, and the cells were stimulated to experiment described in (B). Samples were loaded onto a 16% SDSrelease POMC. The bar graph shows the quantitation of the release Tris-glycine gel, followed by electrophoresis and autoradiography. data as the amount of ACTH i released into the medium during the second incubation divided by the total amount of ACTH i present in media 1 ϩ media 2 ϩ cell extract and is expressed as % released into media. The data in the bar graph represents the average Ϯ Dopamine had no effect on the release of [ In contrast, release from normal mice was regulated by dopamine, showing a 79% inhibition. Analysis of the POMC-ACTH products by SDS gels in the 2 hr chase through the RSP (Loh and Gainer, 1977) Figure 7C ). In the absence of dopamine regulation is also consistent with more rapid constitutive secretion of POMC-ACTH from the intermediate lobe.
in vitro, release of newly synthesized POMC-ACTH from this tissue in normal mice is constant, resulting in insuffiTo further substantiate that in Cpe fat mice the release of POMC-ACTH from the intermediate lobe is constitucient time for complete POMC processing prior to secretion. Hence, POMC is the major component released in tive, the effect of dopamine on secretion was examined. normal mice, but it was inhibited by dopamine ( Figure  POMC can bind at the lumenal pH ‫)2.6ف (‬ (Seksek et al., 1995) of the TGN where sorting to the RSP takes place. 7C). In contrast, the release of POMC from Cpe fat mice was not inhibited by dopamine ( Figure 7C ). While POMC These findings are consistent with previous in vivo data showing that the correct sorting of proteins to the RSP, was the major component in the tissue, some POMC processing was observed in normal and Cpe fat mice, such as POMC and secretogranin II, requires an acidic pH (Gerdes et al., 1989; Carnell and Moore, 1994) . with and without dopamine present ( Figure 7C ). In normal mice, the 1.5 kDa ACTH was the major processed Ca 2ϩ is found in the Golgi and SGs (Bulenda and Gratzel, 1985; Chandra et al., 1991) and is required for the product, whereas in Cpe fat mice, there was very little 1.5 kDa ACTH present ( Figure 7C ). Instead, some larger aggregation and processing of prohormones by some of the enzymes in the RSP (Estivariz et al., 1989 ; Carnell ACTH processed products, 21 kDa, 13 kDa, and 4.5 kDa, were present, presumably cleaved by processing and Moore, 1994) . However, Ca 2ϩ was not required for binding, nor did its presence inhibit binding. This is conenzymes in the TGN. The 1.5 kDa product (ACTH1-14) is normally further modified at the N-and C-termini to yield sistent with findings in semi-intact cells reported by other groups showing that Ca 2ϩ is not required for sort-␣-MSH, a final POMC processed product in this tissue. Cleavage of 13 kDa (glycosylated form of 4.5 kDa ACTH) ing of POMC and secretogranin II to the RSP (Carnell and Moore, 1994; Chanat et al., 1994) . and 4.5 kDa ACTH1-39 to form 1.5 kDa ACTH is a late processing step, carried out by an enzyme, PC2, that Do all prohormones and other proteins sorted to the RSP utilize CPE as their receptor? Transfection of varifunctions most efficiently only in the SGs (Loh and Gritsch, 1981; Benjannet et al., 1991; Thomas et al., ous prohormone cDNA's into the endocrine cell line AtT20 have yielded expressed prohormones that were 1991; Zhou et al., 1993) . The virtual lack of 1.5 kDa ACTH formation in Cpe fat mice is therefore consistent with targeted to the RSP (Moore et al., 1983) , suggesting that perhaps there is a common sorting receptor. Our studies POMC not being packaged into the regulated SGs. Thus, in the absence of CPE, the sorting receptor, POMC was showing the displacement of N-POMC 1-26 by POMC, proenkephalin, proinsulin, and chromogranin A argues missorted and secreted via the constitutive pathway in an unregulated manner from the intermediate lobe of for a common receptor. Furthermore, the similarity of the affinity constant, Kd, and the number of binding Cpe fat mice. sites, Bmax, in the secretory granule membranes for N-POMC1-26, proinsulin and proenkephalin (Cool et al., Discussion unpublished data) further suggest that one receptor, CPE, can sort these prohormones.
CPE Is the Regulated Secretory Pathway Sorting Receptor
We have provided evidence for a sorting receptor in
Characteristics of the Sorting Receptor
The membrane-bound form of CPE was first isolated bovine intermediate pituitary Golgi-enriched and SG membranes and characterized it. This receptor has been from chromaffin granules and has been reported to have a molecular weight of 55 kDa (Fricker and Snyder, 1983 ; identified as membrane-associated CPE based on its N-terminal amino acid sequence, size, and immunoreac- Fricker et al., 1986) , similar to that determined by our cross-linking studies of [ 125 I]N-POMC 1-26 with the receptivity with an antiserum that specifically recognized the membrane form. It has the capacity to specifically bind tor. It has an amphipathic tail at the C-terminus . It has been N-POMC1-26 containing the 13 amino acid amphipathic loop (N-POMC8-20) RSP sorting signal of POMC, fullproposed that the hydrophobic residues in the amphipathic tail are buried in the lipid bilayer or interact with length POMC, proinsulin, proenkephalin, and chromogranin A, in an N-POMC1-26 displaceable manner. Mumembrane-bound proteins and are responsible for the tight association of CPE with the membrane (Fricker, tated POMC from which the N-terminal amino acids 2-26 (the sorting signal) have been removed does not bind.
1988; Fricker et al., 1990) . Our studies show that 1% Triton X-100 was unable to extract CPE from the bovine The receptor does not bind constitutively secreted proteins such as proalbumin and IgG. The Scatchard plots intermediate lobe SG membranes, confirming the strong association of CPE with SG membranes (Cool, unpub-(Cool et al., manuscript in preparation) and dose-dependent displacement curves obtained for N-POMC lished data). The membrane form of CPE has low enzymatic activity when it is associated with SG membranes binding to Golgi-enriched and SG membranes are characteristic of a low affinity, single binding site type of ). The tail is cleaved off proteolytically to yield the enzymatically more active soluble form alreceptor.
It has been shown in intact cells that a low pH at the though as much as 90% of the CPE remains membraneassociated in the granules : number TGN is necessary for sorting POMC to the RSP (Burgess and Kelly, 1987; Gerdes et al., 1989) . We have now dem-150; Varlamov et al., 1996: number 479; Cool, unpublished data) . Moreover, a small amount of full-length, 55 onstrated in vitro that [ 125 I]N-POMC1-26, which contains the POMC sorting signal, as well as full-length POMC kDa membrane CPE has also been found in the soluble fraction of bovine pituitary SGs (Parkinson, 1990 ) and binds to a receptor in Golgi-enriched and SG membranes from endocrine pituitary cells and neuronal cell shown to be released in a regulated manner from mouse pituitary (Cool et al., unpublished data) . lines optimally at acidic pH's ranging from 5.0-6.5. The optimum pH for binding full-length POMC, chromoThere are seven cysteine residues in CPE, but there has been no detailed study showing which cysteines granin A, and proinsulin was between pH 6.0-6.5. Thus, the optimal pH range for the binding of POMC to the are bonded and which are free. One or more of these cysteine residues may be involved in the binding of the sorting receptor from the in vitro studies indicates that N-POMC1-26 ligand, as suggested by our data showing propose that the protein aggregates to form a complex prior to or during binding, although this is not a prerequiinhibition of binding after pretreatment of SG membranes with sulfhydryl group-specific reagents. Further site for interaction with the receptor. Formation of the protein-ligand-receptor complex could perhaps trigger studies are necessary to determine the molecular interaction of the N-POMC 1-26 sorting signal with its binding budding, leading to the generation of an immature secretory granule and delivery of the complex into the formed site on CPE and more specifically with the cysteine residue.
granule. The ligand-receptor complex and the aggregates may dissociate within the milieu of the maturing granule or CPE Functions as a Sorting Receptor In Vivo during exocytosis. The fate of CPE, the sorting receptor, The demonstration that transfected POMC was not taronce in the granule is unknown. Since a significant geted to SGs of the RSP, but secreted constitutively in amount of CPE remains associated with the SG AS cells depleted of CPE by CPE antisense et al., 1990), perhaps only some of the CPE molecules RNA expression, clearly shows that CPE plays a pivotal are cleaved at the C-terminal amphipathic tail to yield role in sorting POMC in intact cells. Moreover, the finding the more active soluble enzyme. As CPE catalyzes a that in the Cpe fat mutant mouse, POMC was missorted late prohormone processing step of removal of the basic and secreted constitutively from the intermediate lobe,
residues from products cleaved by the endopeptidases, where this prohormone is synthesized endogenously, its action in the SGs after first functioning as a sorting provides additional data in support of a functional role receptor would not be deleterious. Future studies are of CPE as a sorting receptor in vivo. The Cpe fat mouse necessary to determine if the receptor is attached dihas been reported to have hyperproinsulinemia. It accurectly to the lipid bilayer or to a transmembrane protein mulated high levels of proinsulin in pancreatic islet cells and if it is recycled. Our model does not preclude the and had elevated levels of proinsulin in the circulation, existence of other sorting receptors for different RSP compared to normal mice (Naggert et al., 1995) . This proteins, but the evidence from our studies suggests observation suggests that proinsulin secretion from the that CPE is a common sorting receptor for many prohorpancreatic islet cells in vivo in these animals lacking mones. Since prohormones and granins represent a ma-CPE is constitutive, especially since binding studies jor component of proteins packaged into regulated SGs show that proinsulin binds to CPE, the sorting receptor, in endocrine/neuroendocrine cells, they require direct with similar kinetics to POMC. Thus, the antisense and binding to a sorting receptor. However, the minor comCpe fat mouse studies, taken together with the binding ponents such as the processing enzymes may simply studies, provide convincing evidence that CPE plays an coaggregate with the prohormones and be packaged essential physiological role in vivo as a sorting receptor together, without a specific sorting signal on these molein targeting neuroendocrine proteins to the RSP. Morecules binding directly to the receptor. over, obliteration of CPE, the sorting receptor, can lead to multiple endocrine disorders besides hyperproinsu-
Experimental Procedures
linemia, obesity, and infertility (Naggert et al., 1995) in the Cpe fat mouse, due to misrouting of prohormones and Cool and Loh, 1994; Cool et al., 1995 (Loh et al., 1984b) . The microsomal fraction was highly enriched with Golgi membranes as evidenced by the highest specific tion of 0.2 and grown for 2 days. The infected Sf9 cells were incubated with 50 mCi/ml of [ 35 S]-methionine in methionine-free medium activity of galactosyl transferase, the Golgi marker enzyme in this fraction, compared to other fractions (Tam et al., 1993 Generation of Neuro-2a Cells Expressing CPE 1 hr, followed by centrifugation at 100,000 ϫ g for 5 min. The pellet Antisense mRNA was counted on a Beckman ␥ counter. Specific N-POMC 1-26 binding Neuro-2a cells were grown in high glucose Dulbecco's modified was calculated by subtracting the binding measured in the presence eagle's medium containing 10% fetal bovine serum as previously of 100 M N-POMC 1-26 (i.e., nonspecific) from the total measured in described (Cool et al., 1995) . Stable transformants were made using the absence of N-POMC et al., 1995) . An aliquot of the cell extract, media 1 and media 2, rations).
were run on SDS-PAGE; the proteins were transferred to nitrocellulose and blotted using antibodies to POMC and ACTH-related prodCross-Linking of [
125 I]N-POMC 1-26 to SG Membranes ucts (DP4-1:2500; ). The immunoreactive proteins Following the binding assay, SG membranes were resuspended in were detected by Enhanced Chemiluminescence System. The films binding buffer containing 1 mM EDC and 5 mM N-hydroxyl-succiniwere scanned on a Microtek Scanmaker II using the Adobe Phomide for 15 min. The membranes were centrifuged, and the pellet toshop 3.0.5 software, followed by quantitation using the NIH-Image was run on SDS-PAGE; the gel was dried and exposed to film for 1.57 software. 2-7 days. The cross-linked band was identified by Western blots Immunocytochemistry of Neuro-2a cells, and clones CPE AS -6 and with antiserum against CPE. CPE AS -7 expressing POMC was performed as previously described (Cool et al., 1995) . Images were captured using a TEC-470 chargeAntibodies to CPE and Western Blots coupled device color camera on a Nikon Optiphot epifluorescent Antibodies for CPE were generated to the last 11 residues of fullmicroscope coupled to a Macintosh 8100/100 PowerPC computer length CPE (CPEH7-4) or to the first 15 amino acids from the using Adobe Photoshop 3.0.5 software. N-terminal region of CPE (CPH2-4) and used at a dilution of 1:4000. Detection of immunoreactive CPE was by Enhanced ChemiluminesMice cence System (Amersham).
BKS/Cpe fat (fat/fat), BKS ϩ/fat, and BKS ϩ/ϩ female mice (7-11 weeks old) were obtained from Dr. E. Leiter (Jackson Laboratory, Affinity Purification and Microsequencing Bar Harbor, ME). In BKS/CPE fat mice, the mutation (Ser202→Pro202) of the Membrane Receptor maps to the gene for CPE. BKS ϩ/fat mice have the same phenotype N-POMC 1-26 was coupled to 3M Emphaze biosupport medium AB1
as BKS ϩ/ϩ, and both of these strains were pooled and used as (Pierce, Rockford, IL). Membrane protein (1 mg) was solubilized in normal control animals in this study. pH 5.5 binding buffer containing 1% ␤ octylglucoside (Pierce) and passed through the column. After washing with 10 ml of pH 5.5
PulseϪChase Labeling of Mouse Neurointermediate Lobes binding buffer, the column was eluted with 10 ml of pH 7.5 binding Pituitary neurointermediate lobes were dissected from mice and buffer, and 1 ml fractions were collected. Each fraction was desalted incubated at 37ЊC for 15 min in mammalian Ringer's solution gassed and run on 10%-20% Tricine/SDS-PAGE. The proteins were transwith O 2 . Each lobe was pulse-incubated in Ringer's solution conferred to polyvinylidene difluoride membrane in a 10 mM Tris-borate taining 1.5 mCi/ml [ 35 S]-methionine for 30 min. After pulsing, the buffer containing 10% MeOH. The polyvinylidene difluoride memlabeled lobes were either chase-incubated in Ringer's solution (with brane was stained with 0.08% Coomassie blue for 3 s, destained 1 mM unlabeled methionine) and/or homogenized in 0.1 N HCl. with 50% MeOH, air dried, and the band corresponding to the crossHomogenates and medium were immunoprecipitated with excess linked protein (55 kDa) from the cross-linking studies was excised ACTH antiserum, DP4, and DP6 as previously described (Birch and for sequencing. Amino acid sequence analysis was by Edman deg- , and the immunoprecipitates were analyzed on 16% SDS radation using an Applied Biosystems Procise Sequencer (Foster gels followed by autoradiography. In experiments with dopamine, City, CA) with an on-line phenylthiohydantoin analyzer.
the pulse and chase incubation medium also contained 5 mM dopaBaculovirus Expression and Affinity Purification mine (Sigma).
of [
35 S]met-POMC The cDNA's encoding bovine POMC and mutant ⌬2-26 POMC were
